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ABSTRACT 
MYCORRHIZAL COLONIZATION AND NUTRIENT SUPPLY RATE INFLUENCE 
ELEMENTAL AND ISOTOPIC TRACERS OF CALCIUM CYCLING IN PLANT-
SUBSTRATE SYSTEMS 
by 
Claire J. Hoff 
University of New Hampshire, September, 2009 
Intraplant (root-foliage) fractionation of Ca isotopes and Ca/Sr were determined 
in Pinus sylvestris seedlings grown at different nutrient supply rates with or without 
ectomycorrhizal colonization. Foliar ^Ca/^Ca and Ca/Sr are uniformly higher than those 
of roots in individual seedlings, and these ratios in both foliage and roots differed 
significantly from those of nutrient sources. The measured offsets indicate that isotopic 
and trace element ratios can identify relative contributions from distinct calcium pools in 
terrestrial ecosystems. Furthermore, the results clearly show that fractionation of calcium 
isotopes and calcium from strontium in plants must be assessed in ecosystem-scale 
budgets and large watershed models. A second experiment similar to the first but with the 
addition of a second tree species, Acer saccharum and its arbuscular fungal associate was 
setup and completed. Two types of bedrock were also added to investigate the effect of 
fungal weathering on the calcium cycle. 
vii 
INTRODUCTION 
Soil cation budgets indicate that calcium (Ca) losses from many temperate forests in the 
northern hemisphere have increased due to acid deposition, harvesting practices, 
landscape engineering, and the poor buffering capacity of soils (Lawrence et al. 1995; 
Schaberg et al. 2001). Reduction of plant-available Ca pools can significantly impair the 
long-term health of ecosystems (Cowling and Dochinger 1980; Likens et al. 1996; 
Huntington 2000). Calcium is required by plants for intracellular messaging, it acts as a 
counter-cation to anions in vacuoles, and is structurally important in cell walls and 
membranes (White and Broadley 2003). Soil Ca deficiencies have been correlated with 
the decline of several important tree species (e.g. red spruce and sugar maple). Trees with 
depleted Ca sources are more susceptible to damage caused by stresses such as drought 
and insect infestations (Driscoll et al. 2003). Whether these Ca losses can be replenished 
by releases from mineral weathering within the soil remains an important issue. I 
investigated several aspects of this issue, including the role of symbiotic (mycorrhizal) 
fungi in weathering, the supply of nutrients by mycorrhizal fungi to host plants, and the 
examination of calcium isotopes and calcium/strontium ratios as tracers of calcium 
cycling. 
Chapter I examines the viability of strontium as tool to follow calcium through a 
culture study of Scots pine (Pinus sylvestris) seedlings and mycorrhizal fungi. The 
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relatively large number of variables (high and low rates of nitrogen application, 
mycorrhizal and nonmycorrhizal cultures, and two species of ectomycorrhizal fungi) in 
an otherwise simple system consisting of only two sources of Ca for the seedlings (see 
Hobbie et al. 2009) allows for a detailed examination of the effects of these variables on 
the transport and fractionation of strontium (Sr) from calcium. Ca isotopes are also 
explored as a potential replacement for Ca/Sr ratios as the data demonstrate that Sr is 
fractionated from Ca within individual seedlings. Ca/Sr ratios should therefore only be 
used as a tracer of calcium when the fractionation factors can be estimated. 
Chapter II describes the setup and biomass results from a second culture study 
specifically designed to test ideas derived from Chapter I and to broaden the application 
of the results to field-based conditions. Two species of trees that differ in their type of 
mycorrhizal association were grown as seedlings: Scots pine (ectomycorrhizal) and sugar 
maple (Acer saccharum, arbuscular mycorrhizal). As in the first study, both 
nonmycorrhizal and mycorrhizal seedlings were cultured at either high or low nutrient 
application rates. To examine potential nutrient mobilization from specific minerals, this 
set of seedlings however, had a bedrock treatment that was not present in the first set. A 
layer of gravel, either Waits River Formation marl or Conway Granite, was added to the 
rooting zone as a potential nutrient source for the seedlings and fungus. The addition of 
the bedrock gravel with the two species of trees allows for the examination of fungal 
weathering effects and their impacts on tracers such as Ca/Sr and Ca isotopes. The 
culturing experiment is well poised to answer the degree to which mycorrhizal fungi can 
facilitate nutrient acquisition for trees directly from the bedrock. 
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CHAPTER I 
CALCIUM CYCLING IN ECTOMYCORRHIZAL TREES 
To identify source influxes of Ca in ecosystems, studies have used several Ca proxies, 
including calcium/strontium (Ca/Sr), strontium/barium (Sr/Ba), and strontium isotope 
(87Sr/86Sr) ratios in a multi-tracer approach (e.g., Bullen and Bailey 2005). Sr resembles 
Ca chemically and is generally considered to behave like Ca throughout an ecosystem. 
However, Ca and Sr differ in their mineral affinities (Vitousek et al. 1999) and in their 
solubilities with key counter-anions such as oxalate (Gadd 1999). In addition, biological 
processes may substantially fractionate Ca from Sr, but just how they do so remains 
poorly understood. One study examined red spruce (Picea rubens) tissues from the Cone 
Pond Watershed in the White Mountain National Forest, New Hampshire, U.S.A. and 
concluded that Ca/Sr was not a conservative tracer within vegetation (Bailey et al. 1996). 
They found a roughly ten-fold higher Ca/Sr ratio in needles and roots than in wood 
suggesting that Ca is often preferentially retained over Sr in foliage. In contrast, authors 
of another study conducted at Hubbard Brook Experimental Forest, New Hampshire 
assumed little fractionation of Ca from Sr along the transpiration stream and concluded 
that Ca/Sr ratios of red spruce {Picea rubens) foliage could be used to directly assess the 
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soil mineral sources of Ca and Sr (Blum et al. 2003). Since uptake of Ca and Sr from 
mineral sources and transport within plants have yet to be studied under highly controlled 
culture conditions, ecosystem scientists and biogeochemists have had considerable liberty 
in how to interpret Ca/Sr patterns. 
Assessing Ca cycling in terrestrial ecosystems is difficult in part because the 
processes involved in Ca movement have been poorly quantified. One relatively 
unexplored control on Ca mobilization and cycling is the secretion of organic acids by 
symbiotic (mycorrhizal) fungi. Organic acids can mobilize nutrients from minerals, 
including Ca, which the fungi then transfer to host plants in exchange for carbon 
compounds (Hoffland et al. 2004). Assessing the role of fungi in Ca cycling in 
ecosystems is limited largely by sampling capabilities. Evaluating the components of the 
system under simplified laboratory conditions and using natural tracers such as elemental 
and isotope ratios may provide an effective means of following Ca through ecosystems, 
thereby facilitating the integrated study of aboveground and belowground Ca cycles. 
To extend such tracer studies to the ecosystem scale, critical aspects of the 
terrestrial Ca cycle must first be addressed. Mass balances and improved understanding 
of tracer behavior in both above and belowground environments are required. We present 
the first data derived from a controlled laboratory experiment that specifically tests the 
hypothesis that Ca/Sr ratios can be used to ascertain Ca sources. We then examine the 
natural isotope ratio ^Ca/^Ca (expressed as 844Ca, relative to seawater) within the 
substrate-fungus-plant system and evaluate the utility of combining elemental and isotope 




This study used cultures carried out at Hasselt University first developed to study 
carbon and nitrogen isotope dynamics. Surface-sterilized Scots pine seeds (Pinus 
sylvestris L.) were sown in a perlite/vermiculite (2/1, v/v) mixture moistened with a 
balanced nutrient solution for P. sylvestris (Ingestad and Kahr 1985). Twenty-eight days 
after sowing, uniform seedlings were selected for the experiment and removed from the 
perlite/vermiculite mixture. Two-thirds of the seedlings were inoculated with an 
ectomycorrhizal fungus, either Suillus bovinus or Thelephora terrestris, while the 
remaining one-third was left nonmycorrhizal. A sandwich technique was used to 
inoculate mycorrhizal seedlings (Van Tichelen and Colpaert 2000) either with Suillus 
bovinus (L.: Fr.) Roussel or Thelephora terrestris (Ehrh.) Fr. (see Chapter II for a more 
detailed description of the sandwich technique). Nonmycorrhizal seedlings followed the 
same procedure in the absence of fungal inoculums. A subset of the prepared seedlings 
was immediately harvested to determine biomass and concentration data at inoculation 
(i.e. time zero). Three days later plants were transferred to 150-cm3 containers filled with 
6 g sieved, acid-washed perlite (2-4 mm particles) (Colpaert et al. 1999). Perlite, a 
commonly used growth medium that is a high silica volcanic glass, has a low nutrient 
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buffering capacity; accordingly plants grew in a semi-hydroponic environment where 
nutrient addition and nutrient uptake in the plants were equivalent. 
Immediately after inoculation two different nutrient supply rates were applied. 
Nitrogen was the growth-limiting element and consisted of 99.5% ammonium. Nutrients 
were either added at a constant relative addition rate of 3% day"1 (low nitrogen treatment) 
or 4% day"1 (high nitrogen treatment). These nutrient regimes are suboptimal so that 
seedlings will adjust their relative growth rate to nutrient addition rates (Ingestad and 
Kahr 1985). The stock solution contained (in jiM): K2S04 (292), K2HP04 (116), 
(NH4)2S04 (1777), Ca(H2P04)2«H20 (73), MgS04«6H20 (123), H3B03 (9.3), 
MnS04«H20 (3.7), Fe(N03)3«9H20 (6.3), ZnS04»7H20 (0.2), CuCl2»2H20 (0.2), and 
Na2Mo04»2H20 (0.04). Nutrient weight proportions are 100N : 16P : 64K : 6Ca : 6Mg : 
141S. Sr was not added separately but was present in trace amounts in other salts. The 
nutrient solution supplied to the plants contained less than 25 mg N L"1 and its pH was 
adjusted to 4.5 using hydrochloric acid. The experiment was carried out in a growth 
chamber with 300 pimol m"2 s"1 photosynthetically active radiation (PAR), at least 70% 
relative air humidity, and with a day/night rhythm of 18/6h and 22/15 °C. 
Culture Harvestin£ and Immediate Analyses 
Materials were prepared for analyses at both Hasselt University and the 
University of New Hampshire. Plants were harvested after 80 days, at which time the 
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cumulative nitrogen added to each plant during the experimental period was 6.9 mg for 
the high nitrogen treatment and 1.93 mg for the low nitrogen treatment. Plant shoots 
were cut. Roots and perlite were removed from the containers and separated from each 
other (Colpaert et al. 1999). Fine roots were detached from coarse roots, mycorrhizae 
being included in the former fraction. Subsamples of perlite and roots were frozen in 
liquid nitrogen to determine the concentration of ergosterol, a fungal biomarker. 
Ergosterol was analyzed by high performance liquid chromatography (HPLC) and results 
were converted to fungal biomass using conversion factors of 3.0 and 7.1 mg ergosterol/g 
biomass for T. terrestris and S. bovinus, respectively (Colpaert et al. 1999). Dry weights 
of foliage, stems, and roots were determined after lyophilization. Samples were chopped 
into small pieces and digested using 15N nitric acid and heat and then dissolved in 2% 
nitric acid for chemical analysis. 
The growth rate and fungal treatment distribution of the experiments used for this 
study are provided in Table 1. Foliage-root pairs were used in all cases. The uneven 
sample distribution across the treatments is due either to seedling mortality during the 
course of the culturing process or lack of material needed to complete our analyses after 
the N and C dynamics study on these cultures was concluded. 
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Table 1. The growth rate and fungal treatment distribution within the experiment. The 
number of needle samples is followed by the number of root samples in parentheses. 
Uneven sample distribution is due to natural seedling mortality during the course of the 




High 4(4) 3(3) 3(3) 
Low 4(4) 4(4) 4(4) 
Substrate leaching and digestion 
To assess the potential contribution of Ca and Sr from the substrate, 
representative samples of the perlite substrate were leached with water, nitric acid, 
hydrochloric acid, and oxalic acid to estimate the nutrients supplied to the system from 
the substrate. Small aliquots (0.1 g) of unused acid-washed perlite were crushed and 
leached. Leaching solutions were oxalic acid, hydrochloric acid, or nitric acid. The 
leaching experiment was conducted at three different acidity levels (pH = 2, 3, or 4) for 
each acid type and each combination was done in duplicate, making a total of eighteen 
leachates. Two additional treatments, employing ultrapure water as the leaching reagent, 
were added for a final total of 20 leaching treatments. Crushed perlite was sonicated in 
acid for 2 hours. These leaching solutions were then collected using iterative centrifuging 
and dilution techniques. The leachates were then dried down and placed in 2% nitric acid 
for trace elemental analysis. 
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For total perlite composition two samples (O.lg) of unused acid-washed perlite 
were digested in mixed concentration nitric and hydrofluoric acid. Resulting fluorides 
were subjected to fluxes of concentrated nitric acid or mixed concentrated nitric and 
hydrochloric acid until the samples were completely in solution. The final solutions were 
then dried down and the salts dissolved in 2% HNO3. 
Element and Isotope Analyses 
Element analyses were carried out at U.S.G.S. laboratories in Menlo Park, CA. A 
portion of each 2% HNO3 solution was analyzed for concentrations of Al, K, Mg, Ca, Sr, 
and Ba using a Perkin Elmer Elan 6000 inductively coupled plasma mass spectrometer. 
Reported concentrations for all elements are precise to 3% or better. A double-spike 
solution (Russell et al. 1978) of 42Ca-48Ca was added to the remaining 2% HN03 
solutions and calcium was isolated using AG50x8 cation resin with 2N HC1 as the eluent. 
44Ca/40Ca was measured using a Finnigan MAT 261 thermal ionization mass 
spectrometer. Calcium isotopes are reported as 844Ca, calculated as the per mil difference 
of the sample 44Ca/40Ca from that of seawater. Seawater analyzed in the laboratory has a 
"Ca/^Ca of 0.021713. The double-spike technique allows ^CaAZa to be determined 
with an internal precision of ±0.15%c. Further details on column chemistry and calcium 
isotope analyses can be found in Skulan et al. (1997) and Skulan and DePaolo (1999). 
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Results and Discussion 
Elemental Fractionation within Seedlings 
In all of the cultures, foliar Ca/Sr was substantially greater than root Ca/Sr (Figure 
1 and Table 2). Field-based studies have shown similar distinctions in the Ca/Sr ratios 
between different tissues from adult trees (e.g., Skulan and DePaolo 1999; Powsza et al. 
2000; Watmough and Dillon 2003; Dasch et al. 2006), supporting a comparison of our 
seedlings to mature trees. However, interpretations of these field data have been 
inconsistent because of the lack of knowledge of Ca cycling processes within plants or 
between plants and soil. Our results clearly demonstrate discrimination between Ca and 
Sr within plants. 
Table 2. Element concentrations and 8 Ca values of individual seedlings foliage and 
root tissues, reported as pairs (root tissue entries are shaded). Elemental concentrations 









































































a^Ca Ca Sr 
-1.98 1280 4.04 
-1.46 2582 1.64 
-2.31 1110 2.68 
-1.54 1288 0.68 
-1.78 1001 2.83 
-1.54 1878 1.05 
-1.97 385 0.74 
-1.49 1796 0.98 
-1.92 938 2.84 
-1.39 2559 2.04 
-1.48 1341 4.15 
-1.24 1297 1.37 
-1.93 1017 3.17 
-1.15 2054 2 
-2.07 1244 3.46 
-1.2 2302 2.37 
-1.8 1588 4.65 
-1.63 2278 1.68 
-1.71 1566 3.42 
-1.6 2269 1.74 
-1.81 1416 4.12 
-1.69 1920 1.01 
-1.97 1363 4.59 
-1.77 2140 2.4 
-2.14 892 3.12 
-1.3 3060 2.53 
-1.72 723 2.56 
-1.5 2763 3.51 
-2.2 1204 3.69 
-1.94 2127 2.46 
-2.04 768 2.42 
-1.47 2877 2.49 
-2.2 1133 3.15 
-1.25 1214 1.12 
-2.01 1131 3.01 
-1.29 2058 2.43 
-2.19 845 2.47 
Some of the discrimination between Ca and Sr may be attributed to the lower 
solubility of calcium oxalate compared to strontium oxalate (solubility product Ksp at 
18°C of 2.57x10" and 5.61x10" respectively). Calcium oxalate forms within foliage for 
several reasons including Ca regulation, defense against herbivory, the prevention of Ca 
toxicity, and in response to environmental stresses (Fink 1991; Franceschi and Nakata 
2005). The higher solubility of Sr would thus limit the formation of crystalline strontium 
oxalate, thereby allowing Sr to return to the stem via phloem and enriching Ca in foliage. 
In natural ecosystems, discrimination between Ca and Sr in foliage may 
contribute to concentration differences among calcium pools. Preferential Ca 
translocation to the foliage would create a Ca-enriched forest floor through either canopy 
leaching or litter deposition (Powsza et al. 2000). This observation is consistent with 
high Ca/Sr in throughfall (Skulan and DePaolo 1999) and with high Ca/Sr in spruce litter 
digests. If, however, the forest floor is enriched in Ca because of Ca sequestration in 
litter, then Ca availability would peak at the surface, decrease with depth until mineral 
sources contribute significantly, then increase with depth into the relatively unweathered 
mineral soils. Calcium oxalate in litter or produced by fungi and roots could provide a 
ready supply of Ca for shallow fine roots (Bailey et al. 2003). This biotic source of Ca is 
directly affected by the within-plant partitioning of Ca from Sr (Figure 1) and emphasizes 






















Figure 1. Fractionation of Ca from Sr between the roots and needles of individual P. 
sylvestris seedlings grown in cultures with variable nutrient supply rates and with or 
without inoculations of ectomycorrhizal fungi (Suilius bovinus (Sbo), Thelephora 
terrestris (Tte), or nonmycorrhizal (NM)). Symbols: filled blue circles, needle values; 
filled brown triangles, root values; perlite leachate solution and perlite digests, peach bar; 
and nutrient solution, blue bar. Typical 1 a on the measured ratio values is less than 1%. 
Isotopic Fractionation within Seedlings 
Calcium isotopes provide another means to evaluate Ca dynamics in ecosystems, 
but the pathways of Ca isotopic fractionation in terrestrial ecosystems remain uncertain. 
To assess biological fractionation we examined 8 ^ Ca values of samples that were 
measured for Ca/Sr. Across all treatments, foliar 844Ca values were consistently higher 
than root e^Ca values (Figure 2), on average by 0.51±0.27 %c (n=22, p< 0.001). As Ca in 
the transpiration stream moves through the plant via the xylem, 40Ca is more readily 
retained in tissues than 44Ca, leading to a ^Ca-enriched flux into foliage (Wiegand et al. 
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2005). The xylem-transpiration stream can act as an ion exchange column to partition 
elements (Canny 1990; McLaughlin and Wimmer 1999; White and Broadley 2003). Our 
results are consistent with Ca isotope fractionation via chromatographic separation in the 
xylem-transpiration stream. The relative importance of this within-plant biotic 
fractionation versus preferential uptake of 40Ca relative to uCa into roots in creating low 
5 ^ Ca in root tissues remains unclear, although the latter mechanism has been suggested 
as the primary means of achieving source-plant differentiation in natural systems 














 H i f l h
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mycorrhizal m y c o r r t" z a l 77?etepftora Thelephora 
Figure 2. Calcium isotopic variability, reported as 844Ca relative to seawater, of cultured 
P. sylvestris. Symbols for roots, needles, nutrient solution, and mycorrhizal treatments as 
in Figure 1. Leachate values are indicated by the light green bar and perlite digests are 
shown as the light red bar. Typical 1 a on measured 844Ca is < 0.15%c and precision 
averaged 0.065±0.024%o on duplicate samples (Table 4 in Appendix A). 
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A few studies have reported Ca isotope values in different types of tree tissues 
(Wiegand et al. 2005; Schmitt et al. 2003; Platzner and Degani 1990; Page et al. 2008), 
but no studies have measured more than two individuals of the same species grown under 
the same or similar conditions. In Metrosideros polymorpha growing on a ~ 4 Ma 
Hawaiian lava flow, tissue S^Ca values were -0.9, -0.9, -0.75, and -0.5%c, for root, stem, 
twig, and leaf, respectively, while values for a Metrosideros growing on an ~300 year-old 
lava flow were -2.0, -2.0, -1.8, and -1.3%o, respectively (with 0.2%o analytical precision, 
Wiegand et al. 2005). American beech (Fagus grandifolia) foliage and branch values 
were -1.63%o and -2.46%o, respectively (Schmitt et al. 2003). In 51 samples of date palm 
{Phoenix dactylifera) leaves, fruit pulp, pollen, and seeds, the largest offset in 8 ^ Ca (-
3.1%c) occurred between leaves and pollen (Platzner and Degani 1990). Root tissues 
collected just below the root crown in ectomycorrhizal and arbuscular mycorrhizal 
hardwoods, including American beech, sugar maple, white ash (Fraxinus americana L.), 
American basswood (Tilia americana), and yellow birch (Betula alleghaniensis) located 
in the central Adirondack Mountains, New York, were 2.2 and 2.4%o lower in 8 ^ Ca than 
leaf litter samples collected from the same individuals (Page et al. 2008). 
With all Ca sources accounted for in our experiments, I demonstrate that abiotic 
fractionation resulted in a systematic Ca isotopic difference between the perlite digest and 
the leachates. Across leaching treatments, the perlite leachate had consistently lower 8 
44Ca than the perlite digest (Figure 2 and Table 3). The oxalic acid leachate was 
intermediate in 8 ^Ca value relative to the other leachates and relative to the 8 44Ca values 
of the needles and roots. A digest of the volcanic glass perlite was similar in 8 ^ Ca to 
igneous rocks (DePaolo 2004), but the three leachates averaged 0.3%o lower. 
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Documented abiotic fractionation in other nontraditional isotopic systems has 
necessitated adjustments in biogeochemical mass balances (Bullen et al. 2001). 
Table 3. Elemental and Ca isotopic composition of nutrient sources and leachate carried 
out at pH = 2. Elemental concentrations are shown as ppm and Ca/Sr is molar. Additional 










































































Inferring Nutrient Source Contributions 
In a combined plot of Sr/Ca and 8 Ca (Figure 3), in which use of Sr/Ca as the 
independent variable results in straight-line mixing arrays, nutrient sources and seedling 
tissues have distinctive values that may be used to infer source contributions. The mixing 
line between perlite digest and nutrient solution demonstrates the range in 8 ^ Ca and 
Sr/Ca values that would result from simple source mixing. Whole-seedling compositions, 
calculated assuming two-member mechanical mixing between the roots and needles of 
individual treatments, lie close to the nutrient source mixing line, indicating that 
fractionation between sources and seedlings is minimal and that measured offsets result 
16 
from within-plant biological fractionation. Furthermore, the combined approach can 
determine the Ca contributions of the sources to the seedlings in each of the treatments. 
At the low nutrient supply rate, both the Suillus and nonmycorrhizal seedlings obtain 
approximately 81% of their Ca from the nutrient solution whereas the Thelephora 
seedlings obtain 84% of their Ca from the nutrient solution. At the high nutrient supply 
rate, the Thelephora and nonmycorrhizal seedlings obtain most of their Ca from the 
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Figure 3. 8 ^ Ca of seedling tissues averaged within treatments, calculated mature tree, 
and whole seedling values plotted vs. Sr/Ca. By using Sr/Ca rather than Ca/Sr, two-
component mixtures plot as straight lines in this diagram. For reference, the leachate and 
nutrient solution values, and the mixing curve of these sources are also provided; tick 
marks represent where 90, 80, and 70% of the Ca is from the nutrient solution. Open 
symbols represent the average tissue values for the seedlings of each treatment. The 
closed symbols represent our calculated whole seedling values based on biomass 
fractions. Treatments: Suillus, red; Thelephora, green; nonmycorrhizal, blue; low rate of 
nutrient addition, circles; and high rate treatments, triangles. The half-filled orange square 
represents the calculated signature for a mature Scots pine, based on biomass allocations 
of root and foliage tissues and the average root and foliage 8 ^ Ca, Ca concentration, and 
Sr concentration (cf. Appendix A). The whole seedling measurements for each treatment 
include an average of all individual seedlings from a particular treatment, determined 
with a similar approach. 
Calculated isotopic and elemental compositions of whole seedlings (Table 4) can 
be determined using experimental values for the biomass fractions and the observed 
foliage and root isotopic values and elemental concentrations. Whole seedling 8 ^ Ca 
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values and Ca/Sr ratios more closely resemble those of roots than of needles (Figure 3) 
due to higher Ca root concentrations. Following the same approach, typical biomass 
distributions of mature trees (root plus stem vs. foliage), coupled with the culture root and 
foliar isotopic and elemental compositions, were used to calculate whole mature tree 
(Figure 3 and Table 4); these demonstrate even more convincingly that root isotopic and 
Ca/Sr signatures are more representative of the whole tree than are needles. 
Table 4. Calculated isotope values and element ratios for averaged whole seedlings of 
each treatment and values of a mature tree calculated with mature tree biomass 
distributions (Oleksyn et al. 1999) determined in field studies. 






















The influence of nutrient supply rate on Ca cycling within trees depended on the 
species and intensity of mycorrhizal colonization. Elemental and isotopic signatures of 
the Suillus treatments more closely resembled nonmycorrhizal treatments than they did 
the Thelephora treatments. Root Ca/Sr ratios were higher in the Thelephora treatments 
while 8 ^ Ca values varied in both roots and needles. Nutrient supply rate influenced 
foliar Ca/Sr and Ca isotopic compositions in both the Suillus and nonmycorrhizal 
treatments. Foliage from these two treatments grown at low nutrient supply was depleted 
19 
in Ca when compared to those grown at high nutrient supply rate by 0.35%c and 0.38%c, 
respectively (t-test, p=0.030 and 0.004, respectively). In contrast, foliage in the 
Thelephora treatments did not differ at the two different nutrient supply rates (p=0.165), 
which accounted for a significant supply rate-associate interaction (p=0.004) (Figures 2 
& 3). Thelephora grew more than Suillus (the biomass of Thelephora was 1.75 times that 
of Suillus in high treatments and 1.25 times that of Suillus in low treatments). High 
colonization of mycorrhizal fungi may have inhibited the transport of Ca within the root 
and into the transpiration stream (Bucking et al. 2002) enough to influence fractionation 
between tissues. 
Potentially more important than colonization levels in determining Ca cycling are 
the distinctive ecologies of Suillus and Thelephora. Suillus commonly colonizes mineral 
soil and produces high concentrations of oxalic acid (Wallander and Wickman 1999), 
whereas Thelephora colonizes organic soil (Lilleskov et al. 2002), produces enzymes that 
attack organic matter (e.g., laccase, Meharg and Cairney 2000), and produces little oxalic 
acid (Mahmood et al. 2001). Nonmycorrhizal Pinus sylvestris also secretes oxalic acid 
and other organic acids (Wallander and Wickman 1999). We suggest that the lower 
importance of perlite-derived calcium to plant calcium budgets in Thelephora treatments 
compared to Suillus and nonmycorrhizal treatments derives from the low oxalate 
production of Thelephora and the suppression of plant-derived oxalate secretion by the 
ensheathing ectomycorrhizal fungus. The hydrophobic hyphae of Suillus are also better 
suited to long-distance transport of water and nutrients than the hydrophilic hyphae of 
Thelephora. This pronounced difference in hydrophobicity has been suggested as 
explaining the higher binding to copper of Suillus bovinus than Thelephora terrestris 
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(Van Tichelen et al. 2001), but whether this can also account for differences in Ca uptake 
is unclear. 
Summary and Implications 
The combined use of Ca/Sr ratios and 844Ca values is a promising approach for 
identifying biological versus mineral sources of Ca within the soil profile and for 
clarifying biological contributions from different processes. In the absence of Ca isotope 
discrimination during root uptake, the within-plant fractionation demonstrated in this 
study predicts that if litter is the chief Ca source in surficial forest soils, then 544Ca should 
be elevated in shallow organic horizons compared to deeper soil pools. Reports of lower 
844Ca values for exchangeable and acid extractable Ca in the forest floor relative to those 
fractions in deeper soil pools (Perakis et al. 2006), coupled with observed lower 544Ca 
values in roots of mature trees (Page et al. 2008), however, suggest preferential uptake of 
40Ca by roots of mature trees. Future studies employing unique signatures of each Ca 
pool using a multi-tracer Ca/Sr and 844Ca approach, potentially together with other non-
traditional isotope systems such as Mg, will facilitate tracking base cation inputs into and 
progress within terrestrial ecosystems. This method may ultimately provide a means to 
unravel the influence of different tree species, fungal symbionts and nutrient sources in 
forest ecosystems. Given that most temperate and boreal forest trees associate with 
ectomycorrhizal fungi, our study suggests that organic acids produced by mycorrhizal 
fungi greatly affect the cycling of Sr, Ca, and Ca isotopes in soil and that the role of these 
fungal symbionts in the cycling of base cations must be considered and better quantified 
in ecosystem nutrient budgets. 
The biogeochemistry of non-traditional stable isotopes is one of the most fertile 
areas for scientific discovery right now. Only relatively recently have our analytical and 
methodological techniques achieved the precision necessary to measure fractionations 
that are less than 1 per mil (Johnson, Beard, and Albarede, eds. 2004). Increasing 
analytical precision affords the opportunity to investigate smaller samples, thereby 
opening up many aspects of biogeochemistry to fruitful investigations. Accordingly, a 
basic understanding of the element, its isotopes, and the processes that govern the 
isotopes' distributions in nature is crucial to effectively translating any data gathered in 
the field. Experimental cultures are especially effective in providing invaluable 
information in this respect. 
For example, the data previously presented contribute for calcium to a very small 
but important body of literature investigating how metal isotope systems are fractionated 
in plants. Guelke and Von Blanckenburg (2007) examined iron (Fe) isotope fractionation 
in the two groups of plants. These groups differ in how they obtain Fe from the soil and 
are referred to as either strategy I (these reduce Fe(III)) or strategy II plants (these chelate 
Fe(III)). The two different groups of plants also differ in how they fractionate Fe 
isotopes. Strategy I plants exhibit an enrichment of the light isotope moving up the 
transpiration stream (the leaves are lighter than the stem and the seeds are much lighter 
than the stem), whereas strategy II plants show no isotopic fractionation at all. The 
authors speculate that the isotopic signatures relate information about redox processes 
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during transport that would otherwise be unknown and that with this isotopic 
information, the contribution of Fe down the food chain to the geochemical cycle as well 
as up the chain to animal and humans has the potential for being traced. 
Magnesium (Mg) isotopes have also been investigated in a culture setting, 
and they behave much like Ca isotopes in that the plant tissues, here wheat, becomes 
enriched in the heavy isotope as one moves up the transpiration stream away from the 
roots (Black et al. 2008). The wheat is grown hydroponically and therefore any 
conclusions about uptake are simplified almost beyond extrapolation to field conditions 
as Mg will enter the plant solely through water uptake, which is potentially a separate 
form of cation uptake and fractionation process. Cultures, such as ours, that mimic the 
field conditions as closely as possible and go about the measurement in a systematic way, 
especially with the inclusion of symbiotic species (mycorrhizal fungus), will provide data 
that most able to be taken into the field and used to translate the complicated interactions 
we have and will find. 
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CHAPTER H 
ECTO- AND ARBUSCULAR MYCORRHIZAL INFLUENCES ON BEDROCK 
WEATHERING AND THE RESULTING IMPACTS ON CALCIUM CYCLING 
New methods are needed to study the cycling of calcium in forest ecosystems, and 
in particular to study calcium cycling between trees and associated mycorrhizal fungi. 
One promising approach, the use of stable isotopes of calcium, requires testing under 
laboratory conditions before it can be applied in the field. Here, I carried out several 
different studies to test the usefulness of calcium isotope measurements to understand the 
cycling of calcium among seedlings, mycorrhizal fungi, and different potential calcium 
sources. In the initial experiment (Chapter 1), intra-plant (root-foliage) fractionation of 
Ca isotopes and Ca/Sr were determined in Pinus sylvestris seedlings grown at different 
nutrient supply rates with or without ectomycorrhizal colonization. Foliar 44Ca/40Ca and 
Ca/Sr are higher than those of roots in seedlings; these ratios in both foliage and roots 
differed significantly from those of nutrient sources. This study confirmed the utility of 
calcium isotope measurements for investigating the influence of ectomycorrhizal fungi in 
calcium cycling within plant-mycorrhizal symbioses. 
Because the two main types of mycorrhizal fungi, arbuscular mycorrhizal (AM) 
fungi and ectomycorrhizal (ECM) fungi, differ dramatically in their effects on nutrient 
cycling, production of organic acids, and enzymatic capabilities (Finlay and Rosling 
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2006, Gadd, ed. 2006), both ECM and AM fungi will be investigated in culture. AM 
fungal hosts include most land plants. The hyphae of arbuscular mycorrhizae penetrate 
the epidermal or cortical cells of the plant's root whereas in ectomycorrhizal fungi, the 
hyphae form a mantle or sheath on the surface of the root. ECM fungal hosts include 
trees in the Pinaceae and Fagaceae family (Read 2001). 
The second set of cultures also differs from the first in that a layer of bedrock 
gravel is included in the perlite. This is to allow us to investigate the effects of the other 
variables, namely fungal type/species, on mineral weathering. Two types of bedrock were 
used: Conway Granite and Waits River Formation, a metamorphic limestone. The 
Conway granite is an -180 Ma biotite granite (Eby et al. 1992); major phases include 
quartz, alkali feldspar, plagioclase and up to 7% biotite, and up to 1% trace phases 
(titanite). Zircon, allanite, apatite, sphene, and fluorite are common accessory minerals 
(Creasy and Eby 1993). The Waits river formation is a meta-limestone with abundant 
carbonate, sparse pyroxene and occasional sulfide (Ferry 1992; Bailey et al. 2004) 
(amphibolite, schist, hornblende, greenstone). 
Methods 
Cold-stratified Acer saccharum seeds were collected on March 28, 2007 from the 
ground beneath a stand of large sugar maples at East Foss Farm Cemetery in Durham, 
NH, USA (Figures 4a-d). The seeds were then immediately shipped to Belgium. 
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4d 
Figure 4a. Picture of the cemetery at East Foss Farm in Durham, NH, USA. 4b. Adult 
sugar maple leaves on site. 4c. Sugar maple seedlings found in the same location where 
seeds were collected in March 2007. Taken on June 1, 2007 to see leaves and compare 
seedlings. 4d. Another view of the adult trees that were closest to where the seeds were 
collected from. 
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Surface-sterilized Pinus sylvestris and Acer saccharum seeds were sown in a 
perlite/vermiculite mixture moistened with a balanced nutrient solution. The experiment 
was carried out in a growth chamber with controlled photosynthetically active radiation 
(PAR), relative air humidity, temperature, day/night rhythm. One month after sowing, a 
number of uniform seedlings were selected for the experiment. Acer seedlings were 
inoculated by dipping the root systems into Glomus intraradices spores and replanting in 
the perlite/vermiculite mix. Nonmycorrhizal Acer seedlings followed the same procedure 
but were not inoculated with the fungal spores and were planted in a separate tray of 
perlite/vermiculite mix. A sandwich technique was used to inoculate 20 Pinus seedlings 
(van Tichelen & Colpaert 2000) with Suillus bovinus (see Figures 5a-b). Nonmycorrhizal 
seedlings followed the same procedure in the absence of fungal inoculum. 
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Figure 5a. Two P. sylvestris 
seedlings being inoculated with S. 
bovinus via the sandwich procedure. 
The roots are carefully placed so that 
they are in contact with colonies of 
the fungus that were grown from an 
isolated strain in a petri dish. 
Figure 5b. To complete the inoculation 
of the pines, the completed 'sandwiches' 
are stacked and the petri dish portion (or 
the equivalent of the below-ground 
portion of the seedlings) are placed into 
a modified tube so that they remain in 
the dark. They are then placed back into 
the growth chamber for 3 days after 
which they are considered inoculated. 
Both the pines and the maples initially received the same nutrient solution, which 
had been optimized for the growth of the pines. The maple seedlings, however, did not 
appear healthy under this nutrient regime. Accordingly, the nutrient solution was adjusted 
in two ways: one, seedlings were provided with more nutrient solution and two, the 
abundance of calcium in the solution was increased. Figures 6a-b illustrate the general 
condition that the maple seedlings were in as well as the difference between the 
mycorrhizal and nonmycorrhizal seedlings before the nutrient solution was adjusted 
(process detailed in the following paragraph). 
Figure 6a. Acer saccharum seedlings that had been inoculated with Glomus intraradices. 
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Figure 6b. Nonmycorrhizal sugar maple seedlings. The seedlings shown in these two 
figures always received the same nutrient solution and were in the same growth chamber. 
Substrate moisture levels were checked and there was no significant difference between 
the two flats. 
Arbuscular mycorrhizal tree species dominate the forest communities located on 
base-rich soils, whereas communities found on acidic soils are dominated by 
ectomycorrhizal trees (Smith and Read 1997). Sugar maples have been shown to be 
sensitive to deficiencies in cations such as calcium, magnesium, and potassium. They are 
also subject to metal toxicities (St. Clair et al. 2008), but this is based on data from the 
field and was extremely unlikely under the highly regulated nutrient conditions in these 
cultures. Therefore, it was assumed that because the maples were receiving nutrient 
solution mixed for pines, a species that is more adapted for growth in acidic soils, they 
were suffering from advanced nutrient deficiencies including base cation deficiencies. 
After comparing the amount of Ca and Mg in the pine solution to the nutrient solution 
that Samuel St. Clair used during his Ph.D. research to grow 2-yr-old sugar maple 
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seedlings in SiC<2 sand and vermiculite, I determined that the amount of pine solution 
given to the sugar maples should be doubled for 2 days and then tripled for a third day 
(St. Clair 2004). The general foliar concentrations of nutrients were also examined and 
compared to the pine nutrient solution with the idea that the two should be somewhat 
similar. In addition to multiplying the amount of pine solution given to the maples, which 
increased the overall amount of nutrients given to the seedlings, an additional 9 mg of Ca 
each day was applied. The new regimen of nutrient application was only followed for 
three applications before the experiment began. 
To begin the experiment, seedlings were transferred to 150-cm containers filled 
with sized (2-4 mm) perlite previously acid-washed with 0.5% H2SO4. Perlite has a low 
nutrient buffering capacity so plants were growing in a semi-hydroponic environment 
where nutrient addition and nutrient uptake are roughly equivalent. A layer of washed, 
wet sieved bedrock, either Conway Granite from Belknap Mountain, New Hampshire (1-
2 mm and 2-4 mm size fraction) or Waits River Formation (a meta-limestone, 2-4 mm 
size fraction) from Sleepers River, Vermont was placed in the rooting zone of the 
seedlings during the planting (see Appendix B, Tables la and b for the exact weight of 
gravel added to each seedling and the size fraction distributions of the gravel). Seedlings 
of both species were immediately harvested at planting time to determine biomass at time 
zero. Table 5 shows the experimental design with the number of seedlings per treatments. 
Figures 7 and 8 are pictures of the cultures at the start of the experiment. In addition to 
mycorrhizal and nonmycorrhizal plantings, four containers with sterile materials were 
included. These were made following the same procedures as the biological treatments, 
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but contained only the perlite and a layer of bedrock and offer a means to assess abiotic 
processes in the experiment. 
Table 5. Experimental design of sugar maple (Acer saccharum), Scots pine (Pinus 
sylvestris) and abiotic control ("treeless") cultures. Seedlings were grown with or without 




































Immediately after planting two different nutrient supply rates were applied, 
referred to as high and low. These nutrient regimes are suboptimal so that seedlings will 
adjust their relative growth rate to nutrient addition rates (Ingestad and Kahr 1985); the 
limiting nutrient is nitrogen supplied in the form of ammonium nitrate. This cannot be 
assumed for the sugar maples as the nutrient regime developed by Ingestad and Kahr 
(1985) is for pines, a tree species with a faster growth rate than sugar maples have (-35 
cm in height/yr, Aber and Melillo 1991), but the nutrient solution for the maples was 
modified in the same way as was the pre-experiment solution, so N is still the limiting 
nutrient. Bottles placed under each individual container collect any liquid percolating 
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through the perlite, roots, and bedrock. This percolate is then dated and stored separately 
so that a time series can be established for the entire length of the experiment. 
Figure 7. Below-ground view of the P. sylvestris and A. saccharum seedlings at the start 
of the culture experiments. The cultures are grown with a substrate mixed with perlite 
(white) and bedrock (layers of dark gray or multicolored). 
Figure 8. Above-ground view of the P. sylvestris and A. saccharum seedlings at the start 
of the culture experiments. 
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The high seedlings were harvested after a growth period of 60 days and the low 
seedlings were grown for an additional 20 days. During the harvest, seedling stems are 
cut above the first root and below the substrate surface. Roots, perlite, and gravel were 
pulled out of the containers and separated. Subsamples of perlite and gravel were frozen 
in liquid nitrogen to determine the concentrations of ergosterol and chitin, the fungal 
biomarkers used to determine fungal biomass. The entire root system was frozen in liquid 
nitrogen and stored in a dark freezer along with the subsamples of perlite and gravel. The 
remaining perlite and gravel was placed in a drying oven, which is also where the 
aboveground portion (stem and needles, not separated) of the seedlings, placed in 
individual paper bags, were dried at approximately 60 °C. 
Aboveground biomass values of the seedlings are in Appendix B, Table B2 and 
fungal biomass values for the ectomycorrhizal samples are located in Table B3 of 
Appendix B. These preliminary results indicate that of the three substrates, perlite 
contains the most fungal biomass at both high and low nutrient treatments. However, the 
biomass values are uncorrected for the substrates' ability to harbor fungal hyphae (e.g., 
there can be hyphae within perlite grains but only on the exterior of granite grains). 
Therefore, a higher fungal biomass for the perlite versus the two bedrock gravels is only a 
preliminary conclusion. There is more fungal biomass in the high granite treatment than 
in the low and this can be said without reservation. Any further conclusions on the 
samples from the second set of seedlings requires more work than has currently been 
completed. 
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APPENDIX A 
Table A.l. Fungal biomass values. 
Sample 
Suillus bovinus -L 
Suillus bovinus -L 
Suillus bovinus -L 





Suillus bovinus -H 
Suillus bovinus -H 
Suillus bovinus -H 
Suillus bovinus -H 
Thelephora terrestrius -H 
Thelephora terrestrius -H 
Thelephora terrestrius -H 
Thelephora terrestrius -H 


































;44, Table A.2. Element concentrations and 5 Ca values of individual seedlings foliage and 
root tissues, reported as pairs (root tissue entries are shaded). Elemental concentrations 
































































































































































































































































































































































































































Table B.la. Weight in grams of Waits River Formation (Marl) added to cultures 































































































































































Table B.lb. Weight in grams of Conway granite added to cultures receiving this 
treatment. Also included is the size fraction distribution of the granite. Gl stands for the 
1-2 mm size class and G2 stands for the 2-4 mm size class. Each individual shot of 
granite was approximately 16 g. For example, culture number 1 received 3 shots of Gl, 
each weighing about 16 g, plus one shot of G2 also weighing 16 g (3G1 + G2). Culture 

















































































































































































































































3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 








3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
































































































3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 
3G1 + G2 































































































































































































































































































































































































































































































































Table B.3. Fungal biomass data obtained via ergosterol extraction for the perlite and 









































































































u.g Sbo/g substrate 
684.49 
9.12 
4.86 
536.96 
-
8.11 
9.85 
560.33 
-
12.17 
1.09 
493.25 
0.00 
0.00 
13.29 
697.03 
70.59 
1284.12 
19.08 
679.12 
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